After Friedreich's description in 1877, depletion of myelinated fibers in the dorsal columns, dorsal spinocerebellar and lateral corticospinal tracts, and neuronal loss in the dorsal nuclei of Clarke columns were considered unique and essential neuropathological features of Friedreich ataxia (FA). Lack of large neurons in dorsal root ganglia (DRG), thinning of dorsal roots (DR), and poor myelination in sensory nerves are now recognized as key components of FA. Here, we measured cross-sectional areas of the mid-thoracic spinal cord (SC) and neuronal sizes in lumbosacral DRG of 24 genetically confirmed FA cases. Mean thoracic SC areas in FA (24.17 mm 2 ) were significantly smaller than those in 12 normal controls (37.5 mm 2 ); DRG neuron perikarya in FA (1362 mm 2 ) were also significantly smaller than normal (2004 mm 2 ). DRG neuron sizes were not correlated with SC areas. The FA patients included a wide range of disease onset and duration suggesting that the SC undergoes growth arrest early and remains abnormally small throughout life. Immunohistochemistry for phosphorylated neurofilament protein, peripheral myelin protein 22, and myelin proteolipid protein confirmed chaotic transition of axons into the SC in DR entry zones. We conclude that smaller SC areas and lack of large DRG neurons indicate hypoplasia rather than atrophy in FA.
INTRODUCTION
Since Friedreich's illustration in 1877 of dorsal column degeneration in the disease that now bears his name (1), many generations of medical trainees have accepted that the most important abnormalities reside in the spinal cord. Beyond the dorsal columns, the disease also affects the dorsal spinocerebellar and lateral corticospinal tracts, and the dorsal nuclei of Clarke columns. While Friedreich was aware of thinning of the dorsal spinal roots, he wrote that dorsal root ganglia (DRG) were normal (1) . Remarkably, he observed that the nerve fibers in the dorsal roots (DR) were more abundant than normal and rather thin, displaying only rare thicker fibers similar to those in the intact ventral roots. Over the ensuing years, it became clear that DRG are a critical target of the disease, and that fiber loss in the dorsal columns and neuronal atrophy of the dorsal nuclei could be secondary. The neuropathological phenotype also includes hypoplasia or atrophy of Betz cells of the motor cortex that matches the invariable degeneration of the lateral corticospinal tracts. Although the normal dentate nucleus (DN) receives sparse collaterals from mossy fibers of spinal origin, the severe lesion of the DN in Friedreich ataxia (FA) is not obviously related to the damaged spinal cord.
Irrespective of disease onset, the spinal cord in FA is thinner than normal (2) , and the bony spinal canal in FA patients is abnormally narrow on plain radiographs (3) . In retrospect, this old observation gains significance because of more recent measurements of magnetic resonance images (4) (5) (6) . The narrow spinal canal on plain X-ray films in FA (3) must be interpreted as the result of incomplete anteroposterior and transverse enlargement of the spinal cord during growth. Therefore, thinning of the spinal cord in FA may be more appropriately termed hypoplasia, although it is likely that inflammation and invasion of DRG neurons continue to damage afferent fibers in DR (7) . It is of interest that Friedreich had already proposed in 1877 that smallness of the clavae (gracile and cuneate nuclei) was developmental (1) .
The neurons of DRG, satellite cells, and Schwann cells of DR and peripheral nerves derive from the neural crest (8) , although boundary cap cells may also contribute to the constituents of DRG and proximal and distal processes (9) . Axons deriving from DRG neurons grow into the periphery where they become sensory nerves, into the gray matter of the spinal cord, and, over remarkably long distances, into the nuclei of the dorsal columns. Histoautoradiography and immunohistochemistry have clarified the developmental steps in the complex specification of DRG neurons (10-13), but it is unknown how frataxin deficiency impacts this elaborately tooled process. Total absence of frataxin in genetically engineered mice is lethal to the embryo (14) , but it must still be determined whether spinal cord and DRG development proceeds normally when frataxin is only low rather than totally absent.
It is impossible to establish from autopsy tissues of patients who succumbed to FA after years of illness how neural crest abnormalities cause hypoplasia of spinal cord and DRG. The current study used quantitative measurements to establish a possible correlation of the cross-sectional area of the thoracic spinal cord and neuronal sizes in lumbosacral DRG. The results strongly support the conclusion that these neural tissues are small because of hypoplasia rather than atrophy and that their developmental delay occurs independently.
MATERIALS AND METHODS
The table summarizes clinical and genetic data of 24 FA patients. The cases were selected from among 47 FA autopsies because the harvested tissues included thoracic spinal cord and lumbosacral DRG. One patient (FA4) with early onset and short survival was a compound heterozygote with a guanineadenine-adenine (GAA) trinucleotide expansion of 730 on 1 allele and a deletion (c.11_12delTC) on the other allele. We considered inclusion of this patient justified because clinical features were similar to those of the other FA patients with early onset and short duration. The neuropathology was identical to a patient with long biallelic GAA expansions (FA1; GAA1, 1016; GAA2, 1016). Disease onset in 2 patients was delayed to 32 and 34 years (FA23 and FA24, Table) , and their deaths occurred at 87 and 77 years, respectively. In FA23, FA was not diagnosed during life although the patient was ataxic. The diagnosis was assured, however, by characteristic neuropathology and genetic testing of DNA extracted from frozen cerebellar cortex. In homozygous FA patients, ages of onset and disease duration correlated inversely with the shorter GAA trinucleotide repeat expansion (Table) . The cause of death in 19 patients was cardiomyopathy (79%). Other causes of death were cachexia (FA3), myoglobinuria and renal failure (FA16), myocardial infarction (FA17), brain hemorrhage (FA20), and coronary atherosclerosis (FA23). The hearts of all patients were available for detailed histological study, and iron-reactive inclusion in cardiomyocytes were detectable in 23 of 24 cases (96%).
Although the spinal cord in FA is thin at all levels, we elected to measure the cross-sectional areas at the midthoracic level because they change little between the second and twelfth segments (15) , and long-tract disease in FA is most distinct (Fig. 1) . Measurements of neuronal areas in lumbosacral rather than thoracic DRG were preferred because of the vast sensory input from legs and perineum, and the known correlation of DRG neuronal size and the extent of the innervated region (16) . Transverse sections of thoracic spinal cord were embedded in paraffin, sectioned at 6-mm thickness, and stained by immunohistochemistry with an antibody to myelin basic protein (MBP). Sections of DRG were stained with hematoxylin and eosin. Twelve adult control cases with ages of death from 41 to 90 years (mean 6 SD: 65 6 15 years) were made available by the autopsy services of Veterans Affairs Medical Center in Albany, NY, and Albany Medical College. Inclusion criteria were absence of neurological disease of any kind and availability of the midthoracic spinal cord and lumbar DRG. In some older archival control cases, paraffin blocks were no longer available, and measurements of the spinal cord were made on sections stained with hematoxylin and eosin or the Luxol fast blue-periodic acid-Schiff method for myelin. In selected cases of FA and normal controls, 1.5-cm-long segments of upper lumbar spinal cord were trimmed longitudinally to represent DR entry zones. Paraffin sections were immunostained for phosphorylated neurofilament protein, peripheral myelin protein 22 (PMP22), and proteolipid protein (PLP).
Host, clonality, supplier, catalogue number, antigen retrieval method, and final protein concentration of antibodies were as follows: MBP, mouse monoclonal (IgG), Covance, Emeryville, CA; SMI-94R, 80% ethanol overnight at 4 C, ascites fluid (protein not assayed); PMP22, rabbit polyclonal (IgG), Abcam, Cambridge, MA, ab15506, 80% ethanol overnight at 4 C, 0.4 lg/ml; PLP, rabbit polyclonal (IgG), Abcam, ab105784, 80% ethanol overnight at 4 C, followed by 0.01M citric acid-sodium citrate buffer (pH 6) at 95 C for 20 minutes, 2 lg/ml; phosphorylated neurofilament protein, mouse monoclonal (IgG), Sternberger Monoclonals, Inc., Lutherville, MD (now Covance), SMI-31, 0.01 M citric acid-sodium citrate buffer (pH 6) at 95 C for 20 min, ascites fluid (protein not assayed). A summary of the immunohistochemical procedure is available (7) .
Image capture and measurements of the cross-sectional areas of the spinal cord and perikaryal area of DRG neurons were made with AxioVision software (version 4.8) (Carl Zeiss, Oberkochen, Germany). Thoracic spinal cord areas were expressed as mm 2 and neuronal areas as mm
2
. Selection of DRG neurons for measurement was based on the presence of distinct nuclei and nucleoli (17) . DRG exhibit a common autolytic artifact, namely, separation of the neuronal plasma membrane from the cytoplasmic borders of surrounding satellite cells. In an effort to compensate for this artifact, the measuring spline was drawn midway between satellite cells and the neuronal surface, as practiced by Ohta et al (18) . To prevent duplicate measurement of DRG neurons, the specimen stage of the microscope was moved in register across the section.
Statistical Analysis
Comparison of FA patients and normal controls was by Student t-test with values expressed as mean 6 SD. Correlation between thoracic spinal cord area and DRG neuronal size and GAA repeat expansion were assessed by regression. To model the thoracic spinal cord area as a function of age, we used non-linear regression (OriginPro 2016, Origin Lab Corporation, Northampton, MA) under the assumption that the area is 11.56 mm 2 at birth (19) and subsequent growth is exponential, reaching a constant fully mature size. The equation was therefore S(t) ¼ 11.56 þ (S mature ) (1Àe Àkt ) where S is the thoracic spinal cord area as a function of time (t) in years; S mature the increase in the area of the spinal cord from birth to maturity; and k the growth constant. Thoracic spinal cord areas at younger ages were obtained from the literature (15, 19) and the growth rate constant was assumed to be equal in both groups. Figure 1 shows composite photomicrographs of thoracic spinal cord and DRG of an FA patient (FA18 , Table) ( Fig. 1a-c) and a normal control (man, age of death: 62 years) (Fig. 1d-f) . The stain for MBP shows the small size of the cord and the severe symmetrical depletion of myelinated fibers in dorsal columns, dorsal spinocerebellar, and lateral corticospinal tracts (Fig. 1a) . The section of the FA case also shows anteroposterior flattening of the thoracic spinal cord when compared with the normal control (Fig. 1d) . Neurons in the DRG of FA (Fig. 1b, c) are generally smaller in comparison with normal DRG nerve cells (Fig. 1e, f) . In FA, DRG are hypercellular, residual nodules are frequent (Fig. 1c , arrows); and a cluster of small cells suggests active invasion of a neuron by mononuclear cells, satellite cells, or both (Fig. 1b, arrow) . Figure 2 shows a composite of a DR entry zone in FA (FA22 , Table) and a control case after immunohistochemical staining for phosphorylated neurofilament protein (Fig. 2a, b) , PMP22 (Fig. 2c, d ), and PLP (Fig. 2e, f) . Reaction product of phosphorylated neurofilament protein shows transition of thin axons from the DR into the central nervous system (CNS) Table) ; (b, d, f) normal control (woman, age of death, 42 years). Adjacent sections were immunostained with antibodies to phosphorylated neurofilament protein (a, b); PMP22 (c, d) or PLP (e, f). The cranial direction of the spinal cord is to the right. In FA, the DR contains an abundance of thin axons (a), but the transition from relatively thick axons of the peripheral nervous system (PNS) to thin CNS axons is indistinct (a, arrow). In the normal control, the transition from PNS to CNS axons occurs over a very narrow segment of the DR (b, arrow), and larger axons are restricted to the PNS portion of the root. In normal DR, PMP22 immunoreactivity ends abruptly (d, arrow) whereas in FA, some PMP22-reactive fibers can be traced across the entire DR entry zone (c, arrow). In the normal control, PLP-reactive myelin sheaths begin at a considerable distance ($200 mm) before entering the spinal cord proper, and the transition to CNS myelin is sharp (f, arrow). In FA, PLP immunoreactivity in the CNS portion of the DR is sparse, and the transition from PNS to CNS territory is irregular (e, arrow). Bars: 100 mm.
RESULTS
of the spinal cord in FA (Fig. 2a, arrow) , but the sharp demarcation of relatively large axons in normal DR is absent (Fig.  2b, arrow) . Similarly, the DR entry zone in FA lacks the abrupt ending of PMP22 (Fig. 2c, arrow) , which characterizes the normal DR (Fig. 2d, arrow) . Reaction product of the CNSspecific protein, PLP, mirrors the disorganized transition of PMP22-positive DR fibers in FA (Fig. 2e, arrow) , and stands out against the sharply demarcated CNS myelin in the normal DR (Fig. 2f, arrow) .
The adult thoracic spinal cord area in FA (death at >24 years, Table) is 23.83 6 3.68 mm 2 (mean 6 SD), which is significantly lower than the mean in normal adults (42.19 6 10.35, including data from the literature) (p < 0.001) (Table) . Figure 3 shows a regression analysis of thoracic spinal cord areas vs age of death (Table) . The curve for FA was constructed under the assumptions that newborns destined to develop FA have the same thoracic spinal cord areas as normal newborns (11.56 mm 2 [19] ) and that the area increases exponentially to a final size. The regression curve for FA shows that the spinal cord fails to achieve normal adult size and remains stable over the entire disease duration or at least does not significantly decrease in those who die at more advanced age. In normal controls, the spinal cord grows rapidly and reaches its final size at the approximate age of 25 years. The growth phase of these curves should be interpreted with caution as we have little information aside from the literature on the rate of growth of the spinal cord in normal humans, and no information at all on FA. 2 ) (p < 0.001). Figure 4 shows a display of the mean area of neurons in DRG of FA and normal controls plotted against the area of the thoracic spinal cord in matching specimens (FA cases from the Table) . There is no correlation in FA or normal controls, implying that delayed growth of DRG neurons and spinal cord in FA proceeds independently over time. Spinal cord areas and neuronal sizes in DRG of FA patients did not correlate significantly with the GAA trinucleotide repeats on either allele (Table) .
DISCUSSION

Hypoplasia or Atrophy of Spinal Cord and DRG Neurons in FA
FA is commonly called a "neurodegenerative" disease, implying that the nervous system at one time during the patient's life is normal and then undergoes "atrophy". In the absence of information about the sizes of spinal cord and DRG neurons before disease onset, these terms may no longer be justified. Length and volume of the human spinal cord increase massively between birth and maturity, and most of the accrual is due to white matter (19) .
Pooling the meticulous planimetric measurements of the cross-sectional area of the thoracic spinal cord (segment VI) (15), the combined measurements of thoracic spinal gray and white matter in newborns (19) , and measurements in this laboratory allowed the construction of a growth curve of the normal spinal cord that can be compared with FA (Fig. 3) . Based on the equation shown in the legend to Figure 3 for normal spinal cords, the expected thoracic cross-sectional areas in our FA patients succumbing to early deaths (FA1 and FA4 in the Table) should be 40.5 mm 2 (death at 10 years) and 40.9 mm 2 (death at 11 years), respectively. The measurements, however, were 23.7 and 32.0 mm 2 . It is likely that planimetry of camera clara or lucida drawings practiced by the earlier authors (15, 19) was less accurate than the quantitative method described here. The areas determined in the 2 rapidly fatal cases of FA by our method did not differ significantly from those in adult FA patients (Table) who died between the ages of 23 and 87. These observations support the interpretation that spinal cord enlargement in FA stops prematurely after growth at either a normal or a reduced rate, representing of hypoplasia.
The exacting measurements of neuronal diameters in the first sacral DRG of humans by Ohta et al (18) revealed rapid growth of nerve cell sizes between the ages of 0.5 and 12 years with little change thereafter into advanced age. Our measurements of neuronal areas in normal controls are not directly comparable to data published by Ohta et al due to technical differences and a less selective harvesting of lumbosacral DRG. Nevertheless, the significantly lower neuronal sizes in DRG of FA patients undergo little change between the ages of 10 and 87 years (Table) . This result implies that hypoplasia also affects DRG neurons in FA. In this context, inflammatory destruction of DRG neurons (7) may be a superimposed process and ultimately less important than dysfunction due to life-long hypoplasia.
Previous systematic measurements of DR nerve fibers in FA and a comparison with ventral roots also militated against atrophy (20) . Histograms published by Koeppen et al confirmed Friedreich's original report (1) that DR lacked large myelinated fibers (20) . Surprisingly, the overall degree of myelination of thin DR axons was significantly higher (20) .
Only 2 groups of authors have examined the transition of DR fibers from the PNS to the CNS in FA (21, 22) . Hughes et al (22) traced DR fibers into the spinal cord and concluded that they reached the gray matter of the dorsal horns while few entered the dorsal columns. In contrast, Jitpimolmard et al favored regeneration of thin fibers to account for their abnormal abundance (21) . Our data (Fig. 2a) support the former conclusion, i.e. that DR axons traverse the entry zone though the abrupt transition from thicker peripheral axons to thin centrally projecting fibers is absent. Several other observations suggest that a developmental abnormality of DR accounts for the fiber depletion in the spinal cord. It is likely that the disorganization of the DR entry zone reflects incorrect signaling to growing axons during development. An incidental observation in the 2 very young patients (FA1 and FA4, Table) was the presence in their DR of bizarre expansions that reacted with antibodies to S100 and glial fibrillary acidic protein (not illustrated). This observation may indicate an abnormal Schwann cell response in FA that is no longer detectable in adult cases of FA. The spinal cord areas normally occupied by the dorsal columns in FA are clearly recognizable although there is subtotal loss of myelinated fibers. Gliosis characteristically occurs in sheaf-like bundles, suggesting that DRG at one time successfully projected axons through DR and dorsal columns to reach the gracile and cuneate nuclei. The presence of gliosis, however, is consistent with superimposed degeneration before the spinal cord reaches its final transverse size (Fig. 3) . One of the most dramatic lesions in the spinal cord of FA is the total or subtotal lack of large nerve cells in the dorsal nuclei of Clarke columns at thoracic and upper lumbar spinal levels. While interpretable as transsynaptic degeneration, the timing of this deafferentation in FA is unknown. Even in the 2 very young patients with FA, the neurons in the dorsal nuclei were greatly reduced in number (FA1 , Table) or entirely absent (FA4 , Table) . It is likely that these normally rather large nerve cells failed to survive due to lack of innervation from DR collaterals that normally occurs between 14 and 17.5 weeks of gestation (23) .
Muscle spindle afferents make monosynaptic contacts with anterior horn cells, and areflexia is a common observation in FA. Motor neurons of the spinal cord, however, are not seriously affected by FA though ventral roots may show more numerous clusters of small fibers compared with normal ventral roots (20) . There is also significant electrodiagnostic evidence that muscles undergo denervation in FA (24) .
In situ hybridization of mouse embryos with digoxigeninlabeled antisense riboprobes first detects frataxin transcripts in DRG at the gestational ages of 14.5-16.5 days (25), at which time the spinal cord also shows frataxin expression. Assuming that DRG and spinal cord are similar in the human embryo, high prenatal frataxin expression may make these tissues vulnerable later in life, and the onset of developmental delay may have to be placed into prenatal life.
The Functional Consequences of Hypoplastic DRG and Spinal Cord in FA, and Therapeutic Implications
The described observations suggest that the term "onset" of FA may have to be redefined. Some parents report that their children who are ultimately affected by the disease did not develop motor skills at the same pace as their unaffected siblings. It remains to be established how clinical onset occurs on a background of neural hypoplasia. Many clinicians charged with the care of FA patients rely on the length of GAA trinucleotide repeats, and notably the shorter GAA expansion, to set a prognosis. Statistical analysis, however, reveals no correlation between the lengths of GAA trinucleotide repeats and spinal cord area or DRG neuronal size (R 2 < 0.1). This observation may be surprising in light of the inverse In 12 adult locally procured controls (F, 2; M, 10), the age of death was 65 6 15 years and ranged from 41 to 90 years. The thoracic spinal cord area in these cases is 37.3 6 3.6 mm 2 . In matching DRG, the neuronal area is 2004 6 233 mm 2 (mean 6 SD). The differences between FA and controls are significant at p < 0.001 (spinal cord and DRG neuronal areas). Data are expressed as mean 6 SD.
F, female; FA, Friedreich ataxia; DRG, dorsal root ganglia; GAA, guanine-adenine-adenine trinucleotide expansion; M, male; SD, standard deviation.
correlation between the shorter GAA expansion and clinical onset of FA (Table) . Very short GAA trinucleotide repeat expansions convey a benign course and long survival, such as in FA23 (Table) , and cardiomyopathy in such cases may be entirely absent. Hypoplasia of spinal cord and DRG do not appear to conform to a gradient of GAA trinucleotide expansion. It is likely that even modest reductions of frataxin are detrimental to the development of spinal cord and DRG. In contrast to DRG and spinal cord, thinning of the DN in FA represents true atrophy (26) . The DN may remain intact in cases of rapidly fatal FA cardiomyopathy (27) ; and it is reasonable to correlate the onset of the cerebellar manifestations of FA with a threshold level of neuronal loss. Onset of proprioceptive and superficial sensory loss may coincide with beginning inflammatory infiltration of DRG (7) . It is uncertain how upper motor neuron weakness correlates with progressive atrophy of the corticospinal tracts. Loss of Betz cells is common in FA, but these very large neurons of the frontal cortex account for only a small minority of fibers in the corticospinal tracts.
The recognition of hypoplasia in the pathogenesis of FA may redirect therapy. At this time, onset is defined by clinical criteria, and disability is quantified by one or more widely used ataxia rating scales. Clinical trials with drugs generally involve symptomatic FA patients in a specific age group. FA is an uncommon disease (28), but newborn screening for the FA mutation may be justified as the downstream effects of frataxin deficiency are better defined. The task of preventing growth arrest of spinal cord and DRG evolving between birth and maturity will differ from therapy in established FA patients. It seems reasonable to propose that drugs raising systemic frataxin levels should be used mainly for presymptomatic FA patients.
